Abstract As a strategy to increase the seed dormancy of soft white wheat, mutants with increased sensitivity to the plant hormone abscisic acid (ABA) were identified in mutagenized grain of soft white spring wheat ''Zak''. Lack of seed dormancy is correlated with increased susceptibility to preharvest sprouting in wheat, especially those cultivars with white kernels. ABA induces seed dormancy during embryo maturation and inhibits the germination of mature grain. Three mutant lines called Zak ERA8, Zak ERA19A, and Zak ERA19B (Zak ENHANCED RESPONSE to ABA) were recovered based on failure to germinate on 5 lM ABA. All three mutants resulted in increased ABA sensitivity over a wide range of concentrations such that a phenotype can be detected at very low ABA concentrations. Wheat loses sensitivity to ABA inhibition of germination with extended periods of dry after-ripening. All three mutants recovered required more time to after-ripen sufficiently to germinate in the absence of ABA and to lose sensitivity to 5 lM ABA. However, an increase in ABA sensitivity could be detected after as long as 3 years of after-ripening using high ABA concentrations. The Zak ERA8 line showed the strongest phenotype and segregated as a single semi-dominant mutation. This mutation resulted in no obvious decrease in yield and is a good candidate gene for breeding preharvest sprouting tolerance.
Introduction
This study examines the hypothesis that seed dormancy can be increased in white wheat by selection for increased sensitivity to the plant hormone abscisic acid (ABA). It is particularly important to breed for the seed dormancy of white wheat cultivars because their tendency towards lower seed dormancy makes them more vulnerable to preharvest sprouting. Preharvest sprouting (PHS), the germination of grains when still on the mother plant, occurs when environmental conditions are cool and wet after grains reach physiological maturity but before harvest is completed (Bewley and Black 1994) . PHS has been reported in many major wheat-growing areas globally. PHS is associated with physical characteristics of the spike (King 1984; King and Richards 1984; King and von Wettstein-Knowles 2000) , insufficient seed dormancy at maturity (DePauw and McCaig 1991; Imtiaz et al. 2008; Fofana et al. 2009 ), and white seed coat color (Flintham 2000) . In the United States, hard white wheat has gained popularity due to higher flour yields compared with red wheats and potential export opportunities to areas where white wheats are preferred. However, in some major US wheat-growing areas, such as the Great Plains, conditions conducive to PHS are common (Liu et al. 2008) . Therefore, new sources of PHS resistance are desirable. Dormant seeds do not germinate even under favorable conditions (reviewed by Finkelstein et al. 2008) . The type and extent of dormancy exhibited by a seed lot is dependent on environmental conditions during seed development, germination conditions, and the genetic background. In wheat, two types of dormancy may be present: seed coat-imposed, in which the cutting or removal of the seed coat stimulates germination, and dormancy associated with the embryo, which is not responsive to seed coat removal. Wheat may have either or both types of dormancy (Schramm et al. 2010 ; reviewed by Bewley and Black 1994) .
The notion that increased ABA sensitivity may lead to increased PHS tolerance is based in part on evidence showing that ABA biosynthesis is required to establish seed dormancy during embryo maturation in Arabidopsis and in part on evidence that higher ABA accumulation or sensitivity is linked to seed dormancy in cereals (Karssen et al. 1983; Walker-Simmons 1987; Barrero et al. 2009 ). ABA is required for the acquisition and maintenance of dormancy in seeds of wheat and other species (reviewed by Holdsworth et al. 2008 ). Reduced ABA sensitivity or biosynthesis is associated with decreased dormancy, whereas increased ABA sensitivity or accumulation is associated with increased seed dormancy (reviewed by Finkelstein et al. 2008) .
In addition, mutants in several species with reduced ABA biosynthesis have seeds with reduced dormancy or premature germination, as well as impaired ability to control transpirational water loss from the leaves, resulting in a vegetative wilty phenotype (reviewed by Nambara and Marion-Poll 2005) . In contrast, ABA-hypersensitive mutants in Arabidopsis such as enhanced response to ABA1 (era1) or ABA-hypersensitive1 (abh1) have increased ABA sensitivity during seed germination associated with increased seed dormancy and increased vegetative drought tolerance (Cutler et al. 1996; Hugouvieux et al. 2001) .
Higher ABA accumulation and sensitivity is also correlated with seed dormancy in cereals. More dormant grain is highly sensitive to ABA, whereas after-ripened grain becomes less inhibited by ABA in germination as afterripening proceeds (Walker-Simmons 1987; Morris et al. 1989; Warner et al. 2000; Gerjets et al. 2010 ). Grain afterripened for very long periods of time may even become highly ABA insensitive (Morris et al. 1989; Schramm et al. 2010) . ABA sensitivity and accumulation is associated with seed dormancy in barley, and after-ripening of barley grain results in reduced endogenous ABA levels as a result of increased ABA turnover through increased expression of the ABA 8 0 -hydroxylase catabolic enzyme (Millar et al. 2006; Barrero et al. 2009 ).
In wheat, red seed coat color is associated with stronger dormancy and higher levels of PHS tolerance than cultivars with white seed coat color, although some exceptions to this generality exist, with some white cultivars showing strong dormancy and resistance to PHS, and some red cultivars showing little dormancy or resistance to PHS (Morris et al. 1989; Torada and Amano 2002) . White mutants derived from the single-gene red wheat Chinese Spring were found to have reduced dormancy in mature grains when compared with the wild-type (red) parent, but isolated embryos did not differ significantly in germination, rate of after-ripening, or ABA sensitivity from the wildtype parent (Warner et al. 2000) . Similarly, a white mutant of the single-gene red wheat AUS1490 had a slight reduction in dormancy and ABA sensitivity, but absence of red grain color did not eliminate dormancy or ABA sensitivity (Himi et al. 2002) .
It is clear that seed dormancy is desirable to aid in the prevention of PHS. However, prolonged dormancy may interfere with uniform seedling emergence and stand establishment in the field. Many studies have been carried out in attempts to elucidate the genetic control of dormancy and resistance to PHS in wheat. Single genes and QTLs affecting dormancy and PHS tolerance have been identified throughout the hexaploid wheat genome in various populations (Roy et al. 1999; Zanetti et al. 2000; Mares and Mrva 2001; Flintham et al. 2002; Groos et al. 2002; Fofana et al. 2009; Munkvold et al. 2009; Singh et al. 2010; Liu et al. 2011) . Recently, the PHS tolerance QTL on chromosome 3A, Qphs.ocs-3A.1 was shown to co-localize with the wheat dormancy induction gene MFT-3A (Mother of FT and TFL1) (Nakamura et al. 2011) . The lack of agreement in results of many QTL and mapping studies suggests that dormancy in wheat is complex and affected by many genes.
Mutant screens are another strategy that may contribute to our understanding of dormancy and PHS resistance in wheat. Relatively few such mutant screens have been reported in wheat or closely related species. Reduced seed dormancy and ABA insensitive mutants have been isolated in wheat (Kawakami et al. 1997; Warner et al. 2000; Rikiishi and Maekawa 2010; Schramm et al. 2012 ) and closely related species such as barley (Visser et al. 1996; Molina-Cano et al. 1999) . ABA-insensitivity in red wheat is associated with reduced initial seed dormancy and rapid after-ripening (Schramm et al. 2012) . While ABA-hypersensitive mutants isolated in red wheat show increased dormancy, these phenotypes are weak and transient (Kobayashi et al. 2008; Schramm et al. 2010) . In this paper we describe the first isolation of mutants with increased ABA sensitivity in a cultivar with white kernels and low initial levels of dormancy. The objective of this work was to determine whether such mutants could be isolated in white wheat and if so, whether they would result in a strong increase in seed dormancy that may be useful in increasing PHS tolerance. The paper describes the characterization of the seed germination, dormancy, and ABA sensitivity of these mutants. In addition, genetic segregation of two mutants showed that they result in a semi-dominant mutation in a single gene.
Materials and methods

Plant materials
The soft white spring cultivars 'Zak' and 'Alpowa' (PI 566596) were released by Washington State University (Kidwell et al. 2002) . The Triticum aestivum L. Chinese Spring germplasm used in these experiments were descendants of the J. Dvorak doubled haploid line Dv418 and obtained from Warner (2000) . The original Chinese Spring was a landrace and the doubled haploid selection from it is presumed to be more homozygous and homogenous. The soft white winter cultivar 'Brevor' was obtained from M. K. Walker Simmons (1987) .
Germination assays
The term seed is used in reference to the wheat caryopsis or grain. Grain was harvested at physiological maturity (*10 % moisture) when the peduncle was yellow and then after-ripened at room temperature for 1 week (*7 % moisture) before use or storage at -20°C to allow comparison of wild-type and mutant seed of uniform age in germination assays. Germination assays were performed using either whole or cut half-grains (also referred to as embryos) plated on a 9-cm petri dish lined with a single germination disc (Anchor steel blue germination blotter (SDB3.375), Anchor Paper Co., St. Paul MN) moistened with an aqueous solution of 6 mL of 5 mM MES buffer, pH 5.5 (2-[N-morpholino] ethane sulfonic acid, Sigma, St. Louis, MO) containing varying concentrations of either optically pure (?)-ABA or (?/-)-ABA. MES buffer without ABA was used as a negative control. (?)-ABA was obtained as a gift from S. Abrams (NRC, PBI58) and maintained as a 0.1-M stock in DMSO or methanol at -20°C in the dark. (?/-)-ABA was obtained from Phytotechnology Laboratories. The plates were sealed with Parafilm to prevent evaporation, wrapped with foil, and incubated at 30°C in the dark to be consistent with conditions previously used to characterize wheat grain ABA sensitivity (Walker-Simmons 1987) . Germination was scored based on radicle emergence every 24 h for 5 days. Germination was expressed either as a percentage germinated or as a weighted germination index (GI) calculated over 5 days of scoring as (5 9 g day1 ? 4 9 g day2 … ? 1 9 g day5 )/(5 9 n) where g is the number of germinated seeds and n is the total number of viable seeds (WalkerSimmons 1987) . Using this formula, the maximum possible GI is 1.0, and the speed of germination as well as number of germinated seeds are represented by a single value. If needed, the germination of ungerminated grains was stimulated by plating in a new petri dish containing a single germination disc moistened with 6 mL of 10 lM of GA 3 . Stocks of GA 3 in ethanol were maintained at -20°C in the dark. Unless otherwise noted, germination values represent means of three replicates of ten seeds each. If necessary, seeds were surface sterilized by soaking in 10 % bleach/ 0.01 % SDS with gentle shaking for 15 min and then rinsed thoroughly in sterile water before plating.
Mutagenesis and screening of wheat grain
A batch of 15,000 Zak grains were presoaked in 200 mL 50 mM phosphate buffer (pH 7.0) for 5 h. Grain was mutagenized in 200 mL 0.3 % (v/v) ethyl methane sulfate (EMS; Sigma Chemicals, St. Louis, MO) in 50 mM phosphate buffer (pH 7.0) in a sealed 2 L flask with shaking for 16 h at 22°C. EMS was then neutralized with an equal volume of 10 % (w/v) sodium thiosulfate and washed ten times over a 5-h period with 30-min intervals of soaking in water. Mutagenized grain (M 1 ) was grown in the field. A single head from each M 1 plant was harvested. Four M 2 grains from each of approximately 10,000 heads were screened for ABA hypersensitivity after 6 months of after-ripening by plating on 5 lM ABA as previously described.
Growth conditions
Plants were grown in the greenhouse except where otherwise stated with a photoperiod of 16 h at a light intensity of 400 lmol m -2 s -1 , with a daytime temperature of 21-24°C, and a nighttime temperature of 15-18°C. During winter months, supplemental light was provided with high-pressure sodium lamps. For the experiments to determine time to flowering and grain yield, plants were grown in a growth room with a 16-h photoperiod (22°C day, 15°C night) and light intensity of 400 lmol m -2 s -1 with a 1:1 ratio of metal halide: sodium lamps. Seeds or seedlings were planted into either 2.6-or 3 L pots, depending on the experiment, containing Sunshine LC 1 potting soil mixture (Sun Gro Horticulture). Pots were watered to saturation every 2 days. A nutrient solution (Peters Professional 20-10-20 Peat-Lite Special) was supplied once a week. Spikes were harvested at physiological maturity and seeds were hand threshed to avoid Data were analyzed using an analysis of variance, and tests of differences between the mutants and wild type were conducted using the Dunnett's multiple comparison adjustment in Minitab software (version 16).
Results
Zak as a background for ABA-hypersensitive mutant isolation in wheat
Previously isolated ABA-hypersensitive mutants in Chinese Spring, which has red seed coat color, proved difficult to characterize due to inconsistent embryo dormancy and the fact that the phenotype could only be scored within approximately a 2-6 week window (Schramm et al. 2010) . Because white wheats generally have less embryo dormancy and require less time to after-ripen, a second mutant screen was undertaken to identify ABAhypersensitive mutants directly in a white background. Two soft white spring wheat cultivars, Zak (Kidwell et al. 2002) and Alpowa (PI 566596), were considered as parents. A preliminary experiment was conducted to determine the length of time required for these two cultivars to after-ripen compared with Chinese Spring. A dormant control, the soft white winter cultivar Brevor (WalkerSimmons 1987), was included in the experiment. Zak seeds displayed less dormancy throughout the after-ripening time course than Chinese Spring seeds obtained from plants grown under the same conditions. Freshly harvested Zak seeds germinated more efficiently than Chinese Spring and required less time to after-ripen. Zak seeds achieved a GI of 0.8 in only 8 weeks, whereas Chinese Spring required 14 weeks to reach a comparable germination capacity (Fig. 1) . The dormant control, Brevor, did not exceed a GI of 0.2 during this 14-week period, and needed 45 weeks to reach a GI of 0.73 (Online Resource 1). Alpowa seeds only reached a GI of 0.6 by week 14. Therefore, the less dormant of the two white-grained spring cultivars, Zak, was chosen for mutagenesis.
Isolation and retests of Zak ABA-hypersensitive mutants
Approximately 40,000 M 2 caryopses were screened for failure to germinate on 5 lM (?)-ABA after 6 months of after-ripening. Twelve putative mutants termed ''ZakERA'' (Zak ENHANCED RESPONSE TO ABA) were planted and advanced to the M 3 generation for retesting. Intact M 3 seeds after-ripened for 8 months were plated on 5 lM (?)-ABA. Individuals were considered to have a reproducible phenotype in the M 3 generation if germination was less than or equal to 60 % at 48 h (Table 1) . Seven mutants were advanced from the M 3 retest to be retested in the M 4 generation. Intact M 4 seeds that had been after-ripened for 3 years were plated on 25 and 50 lM (?/-)-ABA. Three mutants showed reduced germination on one or both concentrations of ABA and were advanced once more to the M 5 generation for a final retest. Intact M 5 seeds of these three mutants were after-ripened for 2 months and plated on 5 lM (?)-ABA. All three mutants had germination of less than 60 % under these conditions, compared with Zak wild type, which had 90 % germination. These three mutants, Zak ERA8, Zak ERA19A, and Zak ERA19B passed all retests and were therefore chosen for more detailed characterization.
Characterization of ABA dose response in seed germination
Zak ERA mutants and Zak wild type were plated on increasing concentrations of ABA to evaluate the germination response of mutants over a range of ABA concentrations. Germination in response to ABA of two independent lots of M 5 seeds was monitored for 5 days in two experiments. In the first experiment, seeds of Zak ERA8, Zak ERA19A, and Zak wild type after-ripened for 3 weeks were tested. Half seeds from this seed lot were tested on three ABA concentrations ( Fig. 2a for germination index; Online Resource 2 for percent germination), and intact seeds were tested without ABA to assess the dormancy level of the mutants compared with Zak (Fig. 3) . Both mutants showed a reduction in germination at all ABA concentrations as half seeds (Fig. 2a , Online Resource 2), as well as in the absence of ABA as intact seeds (Fig. 3) . The difference in germination index between mutants and Zak wild type was significant for both mutants at all ABA concentrations except for Zak ERA19A when treated with 10 lM ABA (Online Resource 3). In the second experiment, intact seeds of all three mutants were tested after 2 months of after-ripening on five ABA concentrations. Zak ERA8 and 19A again showed significant reductions in germination capacity compared with Zak at all concentrations (Fig. 2b , Online Resource 4). ZakER-A19B also had reduced germination at all ABA concentrations, although the difference between it and Zak was only significant at three of the five ABA concentrations (Online Resource 4). Zak ERA8, 19A, and 19B all had significantly reduced germination in the absence of ABA, indicating some increase in dormancy, particularly in Zak ERA8 (P \ 0.001 in both whole seed experiments; P \ 0.01 as half seeds). In both experiments, Zak ERA8 exhibited the strongest response to ABA in germination, with germination index values significantly different from Zak at all ABA concentrations in both experiments (Online Resource 3 and 4).
Mutation segregation analysis
Two mutants, Zak ERA19B and 8, were backcrossed to Zak wild type to examine genetic segregation. In all experiments, the parent plants were advanced with crosses to compare germination of both parents with progeny. A germination time course was used to determine when the F 2 seeds were after-ripened to the point where the mutant and wild-type parental controls showed the greatest difference in percent germination. If the ABA-hypersensitive phenotype were completely penetrant, then we would be able to find a condition such that the F 2 populations would show 25 % germination if the trait is dominant (-/-and ?/-seeds give 0 % germination, ?/? 100 % germination), but 75 % germination if the trait is recessive (-/-seeds give 0 % germination, ?/? and ?/-100 % germination). However, these hypotheses are based on parental germination of 0 % for the mutant and 100 % for wild-type seed. As the mutantwild type comparison only rarely approaches this situation, the actual parental germination behavior in any given experiment was used to estimate F 2 expected germination percentages for the purposes of Chi-square tests. Since the parental plants were grown, harvested, and after-ripened side-by-side with F 1 plants, we expect these parental controls to be indicative of the behavior of the wild-type and mutant seeds segregating in the F 2 population. F 2 seed obtained from six independent F 1 plants derived from a cross between Zak ERA19B and Zak wild type after-ripened for 3 months and treated with 2 lM ABA showed 75.4 % germination, whereas Zak ERA19B and Zak wild-type lines descended from the plants used in the original cross showed 51.7 and 96.7 % germination, respectively ( Table 2 ). The Zak ERA19B F 2 population would be expected to show 62.9 % germination if dominant ( of the seeds are -/-or ?/-giving 51.7 % germination, and of the seeds are ?/? giving 96.7 % germination) and 85.4 % germination if recessive based on parental germination behavior. The observed F 2 population gave 75.4 % germination suggesting that ZakERA19B results from a partially dominant (also called semi-dominant or additive) mutation in a single gene (v 2 = 0.408). However, the weaker the mutant phenotype, the closer the values expected for dominant and recessive F 2 segregation, and the more difficult it is to distinguish between the two. In light of this, further experiments will need to be undertaken to confirm that this mutation is in fact semidominant, since there is a fairly small margin separating the three possible outcomes in the case of Zak ERA19B.
In the case of Zak ERA8, however, parental germination showed much greater separation and therefore less uncertainty in evaluation of segregating populations. Segregation analysis was performed using F 2 seeds derived from six independent F 1 plants. In the F 2 experiment, the Zak ERA8 mutant parent (-/-) control showed 2.2 % germination, whereas the wild type (?/?) showed 95.6 % germination (Table 2) . Therefore, we would expect the Zak ERA8 F 2 population to show 25.6 % germination if dominant ( of the seeds are -/-or ?/-giving 2.2 % germination, and of the seeds are ?/? giving 95.6 % germination), and 72.25 % germination if recessive ( of the seed are ?/? or ?/-giving 95.6 % germination, and of the seed are -/-giving 2.2 % germination). The observed is 48.3 % germination which is intermediate between the two. This percentage is very close to the expected percentage (48.9 %; v 2 = 0.045) for a semi-dominant trait. Sixty-eight F 2 seedlings from across the range of germination in the Zak ERA8 F 2 experiment were randomly advanced, and F 3 seed harvested from F 2 individuals for further testing. Conditions were the same as those used in the F 2 experiment, with intact seeds after-ripened for 6 weeks treated with 1 lM ABA. Parental germination percentages at 96 h were similar to those in the F 2 experiment (0 % for Zak ERA8 and 98.3 % for Zak in Significance determined by analysis of variance using Dunnett's multiple comparison adjustment, with asterisk signifying P \ 0.05, **P \ 0.01, and ***P \ 0.001 experiment, compared to 2.2 and 95.6 % in F 2 (Table 2) ), as was the overall mean of the F 3 population when compared with the overall F 2 mean (51.8 vs. 48.3 % (Table 2) ). However, GI was chosen to assess the F 3 population and for comparison between the F 2 and F 3 because it better reflected the large differences in the speed of germination across these populations and between the parents. The GI range of F 2 plants (as determined by each plant's F 3 progeny) was 0-0.68 (Fig. 4a) , while the Zak parent ranged from 0.53 to 0.72 and the mutant parents all resulted in a GI of 0 (Fig. 4b) . Therefore, the segregating population encompassed the same range represented by the parental ranges. The resulting distribution is roughly tri-modal, with peaks corresponding to each parent and an additional peak intermediate to both parents (Fig. 4a) . The mean GIs of F 1 and F 2 plants (F 2 and F 3 seeds) were 0.29 and 0.32, respectively, suggesting that the mutation is exhibiting partial dominance since the overall population means are consistently intermediate to the parental means. This is in agreement with the conclusion reached in the F 2 segregation analysis described in Table 2 . With partial dominance, F 2 plants should follow a segregation ratio of 1 homozygous mutant: 2 heterozygotes: 1 homozygous wild type. If parental GI ranges and overall F 3 germination behavior are used to assign F 2 plants to these categories, then 16 plants appear to be homozygous mutant (GI = 0-0.11), 35 appear to be heterozygous (GI = 0.15-0.5), and 17 appear to be homozygous wild type (GI = 0.52-0.68) (v 2 = 0.088, P [ 0.90).
Determination of length of time to after-ripen for Zak mutants Zak ERA8 and 19A have reduced germination in the absence of ABA (Figs. 2b, 3 ). To determine if these mutations cause an increase in the time required to afterripen, and to examine changes in ABA sensitivity over time, mutants and Zak wild type were monitored for germination in the presence and absence of ABA over an 18-week period of dry after-ripening. This experiment allows us to test if the observed increases in dormancy and ABA sensitivity in these mutants can be overcome by afterripening, and to determine if the increased dormancy in these mutants is temporary.
Germination of both embryo half (Fig. 5a ) and intact ( Fig. 5b ) seeds was examined in this experiment. Germination of embryo half seeds is expected to be more efficient than germination of intact seeds, both with and without ABA, especially when seeds are less after-ripened. As half seeds, the two mutants show only a slight reduction in germination at 6 weeks of after-ripening compared with Zak wild type in the absence of ABA, a difference that rapidly disappears as after-ripening proceeds (Fig. 5a ).
However, treatment of cut seeds with 5 lM ABA reduces germination of both mutants at the first two time points examined, weeks 6 and 7. In particular, at week 6, both mutants have significantly reduced germination compared with Zak wild type (P \ 0.01 for both, Online Resource 5). This difference is also quickly reduced with further afterripening.
As observed in prior experiments (Figs. 2b, 3 ), both mutants have significantly reduced germination as whole seeds even in the absence of ABA (Fig. 5b , Online Resource 5), although the difference between the mutants and wild type is much reduced by 10 weeks of after- Fig. 4 Segregation analysis of Zak ERA8 and comparison of F 2 and F 3 populations. Germination index (GI) of a F 2 plants based on germination of F 3 seeds derived from individual F 2 plants and b parental Zak ERA8 (black bar) and Zak wild type (white bars) parent lines from the same experiment. Black arrow indicates mean GI for Zak ERA8 parent lines in F 2 and F 3 experiments (0.02 and 0, respectively). White arrows indicate means for Zak wild type in the F 2 and F 3 experiments (0.62 and 0.65, respectively). Gray arrow indicates overall population means for both F 2 and F 3 seeds (0.29 and 0.32, respectively). Intact seeds after-ripened for 6 weeks were treated with 1 lM (?)-ABA and scored over 5 days in both the F 2 and F 3 experiments Theor Appl Genet (2013) 126:791-803 797 ripening. As with cut seeds, treatment with 5 lM ABA inhibits germination of both mutants more than it does the wild type. This inhibition disappears for Zak ERA19A by 10 weeks in both cut and whole seeds. For whole seeds of Zak ERA8, however, inhibition of germination by ABA persists at least to 10 weeks of after-ripening. By week 18, 5 lM ABA is no longer enough to inhibit germination of either mutant, either as cut or whole seeds (Fig. 5a, b) , but sensitivity to higher concentrations of ABA after longer durations of after-ripening (3 years) has been observed for both mutants in other experiments (Table 1) . Because this experiment examined seeds already partially after-ripened, germination behavior of half seeds of Zak ERA8 and Zak from a different seed lot only afterripened for 10 days was also tested. In previous experiments, half seeds of Zak ERA8 incubated in the absence of ABA showed little difference from Zak wild type (Figs. 2a,  5a ). However, seeds of Zak ERA8 after-ripened for 10 days only reached 1.7 % germination (GI = 0.01) after 5 days of incubation on 5 mM MES without ABA, compared with Zak, which reached 86.7 % germination (GI = 0.54). Therefore, Zak ERA8 appears to have embryo dormancy that persists for at least 10 days after maturity.
Characterization of final plant height, yield, and flowering time for Zak mutants Zak mutants were grown in the greenhouse to determine final plant height relative to Zak wild-type control plants. Zak ERA19A was divided into two distinct subtypes for analysis. Of the four original M 3 plants that gave rise to this mutant, descendants of one plant are consistently shorter. Therefore, the progeny of that plant will be referred to as the dwarf subtype of 19A. Plants descended from the other three M 3 plants will be referred to as the tall subtype of 19A. Only the dwarf subtype of Zak ERA19A was significantly shorter than Zak wild type (P \ 0.001). The remaining mutants appear to not have a major effect on plant height (Table 3) .
To determine if the mutation affecting height in the dwarf subtype of Zak ERA19A affects germination, M 6 seeds of both tall and dwarf Zak ERA19A plants were tested for response to ABA in germination. M 5 plants were grouped according to the M 3 plant it was derived from. In this experiment, M 3 plants 1 and 2 (19A.1 and 19A.2) represent the tall subtype, and plant 3 (19A.3) represents the dwarf subtype. When half seeds after-ripened for 5 weeks were treated with 5 lM ABA, both tall and dwarf plants had similar germination after 48 h of imbibition, and all were more inhibited by ABA in germination than Zak wild type (Online Resource 6). No correlation exists between height and germination capacity in this population. Therefore, it is likely that the mutation causing dwarfism in the dwarf subtype of Zak ERA19A is independent of the mutation causing ABA hypersensitivity in germination, and appears to have no effect on germination, as dwarf plants show no additional ABA sensitivity compared to taller Zak ERA19A plants.
Mutants were also evaluated in two growth room experiments for altered flowering time and yield compared with Zak wild type. M 5 plants were evaluated for flowering time in the first experiment. In this experiment, all three mutants showed a significant delay in the length of time from planting until the first head emerged of approximately 2-3 days (Table 4) . Mutants were grown in a separate experiment to determine if grain yield was affected. Zak ERA19A and 19B both had significantly reduced grain yield compared with Zak wild type (Table 5) , while Zak ERA8 did not differ significantly from Zak wild type. However, the Zak ERA19A and 19B plants evaluated were M 6 plants that had not yet been backcrossed to Zak wild type, so these plants may have had additional mutations that negatively impacted yield.
Discussion
Isolation of ZakERA mutants with increased dormancy and sensitivity to ABA during seed germination This paper describes the isolation of ABA-hypersensitive mutants in soft white spring Zak. This approach was undertaken to determine if ABA-hypersensitive mutations could be used to increase the seed dormancy of white wheat, because higher seed dormancy is associated with higher preharvest sprouting tolerance (DePauw and McCaig 1991; Gerjets et al. 2010) . Wheat varieties with red kernel color tend to have higher grain dormancy than those with white kernels (Flintham 2000; Warner et al. 2000) . The increased ABA sensitivity in Zak ERA lines appears to result in increased grain dormancy in soft white kernels of Zak (Figs. 2, 3) . This is consistent with previous research showing that high grain dormancy in the soft white winter 'Brevor' is correlated with higher ABA sensitivity (Walker-Simmons 1987) . The fact that soft white wheat mutants with increased ABA sensitivity have higher grain dormancy, while hard red mutants with decreased ABA sensitivity have lower grain dormancy suggests that ABA control of grain dormancy is independent of kernel/ testa pigmentation ( Fig. 3 ; Rikiishi and Maekawa 2010; Schramm et al. 2012) . The higher dormancy of red wheat is associated with higher ABA sensitivity, suggesting that red testa color and ABA signaling act in parallel and have synergistic effects on seed dormancy (Himi et al. 2002; Schramm et al. 2012) . Unlike dicots, the cereals wheat and barley gradually lose ABA sensitivity with after-ripening (Millar et al. 2006; Barrero et al. 2009; Schramm et al. 2010) . The increased ABA sensitivity in Zak ERA mutants slows but does not eliminate the loss of ABA sensitivity with after-ripening (Fig. 5) . However, all three Zak ERA mutants retained the some ability to respond to ABA after 3 years of dry after-ripening, albeit at high ABA concentrations (Table 1) . Future research will need to further examine the mechanisms by which cereals lose ABA sensitivity with after-ripening.
Previous work suggested that Triticum aestivum is essentially an ''ABA-insensitive mutant'' due to the missplicing of the B3 transcription factor TaVP1 (VIVIPA-ROUS1) transcript (McKibbin et al. 2002) . Loss of function mutations in the maize and Arabidopsis homologues, ZmVP1 and ABI3, respectively, result in an ABA-insensitive phenotype (reviewed by Finkelstein et al. 2008) . If all wheat lacked VP1 function, then ABA-hypersensitive mutants of wheat would essentially be suppressors of the lack of vp1 function. Although subsequent research has found cultivar-dependent variation in the accumulation of correctly spliced TaVP1 transcript (Yang et al. 2007; Utsugi et al. 2008) , TaVP1 mis-splicing provides a possible explanation for the observation that some wheat varieties only respond to ABA concentrations higher than physiological levels (25-50 lM ABA, Nyachiro et al. 2002a) . Seeds requiring such high ABA concentrations to block germination would be regarded as ABA insensitive in other plant species. The fact that some wheat cultivars respond to physiologically relevant ABA concentrations, 1-5 lM, indicates that wheat is not innately ''ABA insensitive '' (Fig. 3; Walker-Simmons 1987; Schramm et al. 2010 Schramm et al. , 2012 Rikiishi and Maekawa 2010) .
Genetic analysis of the Zak ERA mutants
This study and others have proven that it is possible to recover ABA signaling mutants in allohexaploid wheat via a forward genetics approach (Kawakami et al. 1997; Kobayashi et al. 2008; Rikiishi and Maekawa 2010; Schramm et al. 2010 Schramm et al. , 2012 . Crosses of Zak ERA8 and Zak ERA19B to wild-type Zak were used to reduce the number of background mutations and to perform segregation analysis. Analysis of the F 2 generation following backcross of Zak ERA19B to wild type suggested that this mutant may be semi-dominant (Table 2 ). However, it was difficult to reach a strong conclusion due to the fact that the Zak ERA19B phenotype is variable and weak. In contrast, Zak ERA8 shows good penetrance and was clearly defined as a semi-dominant trait in the F 2 generation. When F 2 segregation analysis is performed using F 3 progeny to represent F 2 individuals, then the F 2 plants appear to segregate 1:2:1 (Fig. 4) , confirming the interpretation that Zak ERA8 is a semi-dominant mutation. All of the ABA response mutants isolated in wheat thus far are either dominant or semi-dominant, suggesting it may only be possible to recover loss of function ABA signaling mutations in wheat by combining recessive mutations on all three homoeologues recovered by reverse genetics (i.e. TILLING, see Slade et al. 2005; Uauy et al. 2009 ). The ABA-hypersensitive mutants isolated in this study may represent mutations in two or three genes. Zak ERA19A and Zak ERA19B are derived from the same M 1 plant and could potentially be two isolates of the same allele. Zak ERA8 is an independent mutation event derived from another M 1 plant. Dose-response analysis showed that although all three lines are significantly more sensitive to ABA than wild-type Zak, Zak ERA8 has the strongest phenotype (Fig. 2) . After 3 weeks of after-ripening, Zak ERA8 appeared much more dormant than wild type when germinated as whole grain in the absence of ABA (Fig. 3) . However, when the grains were cut, Zak ERA8 germinated nearly as efficiently as wild type (Fig. 2a) . This indicates that the dormancy in the Zak ERA8 mutant is seed coat-dependent at this stage of afterripening. However, Zak ERA8 does exhibit embryo dormancy at very early stages of after-ripening (10 days past physiological maturity). Zak ERA19A is less dormant than Zak ERA8, but more dormant than wild-type Zak (Figs. 2, 5 ). The increase in dormancy levels in Zak ERA19A is both less extreme and less consistent between seed lots than that of Zak ERA8.
Genetic background and testa color may impact the ABA-hypersensitive phenotype
The white-kernelled Zak ERA mutants show both a stronger and more persistent ABA-hypersensitive germination phenotype than those previously characterized in red wheat backgrounds (Schramm et al. 2010; Kobayashi et al. 2008) . We suspect this is due to differences in the genetic background, but cannot rule out that it is due to differences in the nature of the ABA-hypersensitive mutants. ABAhypersensitive mutants in Chinese Spring termed Warm (Wheat ABA-Responsive Mutant) were isolated based on the failure to germinate on 5 lM ABA after long dry afterripening (Schramm et al. 2010) . Because of prolonged dormancy in the Chinese Spring background, scoring of the Warm phenotype could only be done when the seeds had after-ripened sufficiently to allow germination of wild type (4-8 weeks), but before mutants lost ABA sensitivity (10-18 weeks). The duration of after-ripening required to reach this point varied from seed lot to seed lot. In contrast, Zak ERA mutants show a difference in germination on lower concentrations of ABA compared with wild type within 3 weeks of dry after-ripening (Fig. 2a) , and Zak ERA8 maintains a pronounced difference on 5 lM ABA until at least 10 weeks of dry after-ripening (Fig. 5b) .
The Zak ERA mutants not only have a lower baseline level of dormancy contributed by the parent background, but also appear to have more consistency between seed lots in terms of level of dormancy. The Warm mutants were associated with increased dormancy and ABA hypersensitivity, but also were difficult to score due to inconsistency in dormancy between seed lots and the short and variable period during which it is possible to see the difference between mutant and wild type. Chinese Spring appears to have both embryo and seed-coat imposed dormancy which may persist several weeks after physiological maturity, whereas Zak appears to have primarily seed coat-imposed dormancy that subsided by 3 weeks of after-ripening (Fig. 3) . This difference in the nature of the parent seed dormancy likely had an impact on the phenotype of the ABA-hypersensitive mutants. For example, the two strongest Warm mutants, Warm1 and Warm4, display embryo dormancy such that cutting the seed coat can only partly rescue germination at 6 weeks of after-ripening, reaching a final germination of 43 and 53 %, respectively (Schramm et al. 2010) . In contrast, the germination of Zak ERA mutants can be fully rescued (95-100 % germination) by cutting the seed coat within three to 6 weeks of after-ripening (Figs. 2a, 5a) , depending on the specific seed lot. Zak ERA8 has the strongest ABA-hypersensitive phenotype, but is still able to germinate fairly efficiently in the absence of ABA within approximately 2 months of after-ripening (Figs. 2b, 5b) . Thus, Zak ERA8 and Zak ERA19A have primarily seed coat-based dormancy, whereas the Warm1 and Warm4 mutants have some embryo dormancy contributing to their inconsistent germination behavior.
It is interesting that, at least in this case, the red testa is associated with greater embryo dormancy as opposed to greater seed coat-imposed dormancy. One explanation for the fact that ABA-hypersensitive mutants in Chinese Spring are more difficult to score than Zak ERA mutants may be that Chinese Spring has a single gene providing red testa color whereas Zak has a white testa. The red pigmentation results in higher seed dormancy, but it also appears to result in variability in the degree of dormancy. This variability results in variability in ABA sensitivity since ABA sensitivity is tightly linked to degree of dormancy in wheat (Morris et al. 1989; Walker-Simmons 1987 ). An alternative explanation may be that only stronger mutations can be recovered in a white testa background, making it more likely that stronger mutants will be isolated by screening mutagenized white than red wheats. Future work will need to explore the interaction between testa color and ABA response either by determining whether the expressivity of Warm1 and Warm4 improves when crossed into a white background or by determining if the Zak ERA ABA-hypersensitive phenotypes are more difficult to score in a red background.
Molecular mechanisms for increasing ABA sensitivity
An apparent increase in sensitivity to applied ABA can result from three molecular mechanisms: a loss-of-function mutation resulting in decreased ABA turnover, a loss-offunction mutation in a negative regulator of ABA response, and a gain-of-function mutation in a positive regulator of ABA response (Cutler et al. 1996; Ghassemian et al. 2000) . For example, reduced expression or function of the ABA catabolic gene, ABA 8 0 -hydroxylase, (CYP707A), in Arabidopsis or in barley results in increased seed dormancy as a result of increased endogenous ABA accumulation (Millar et al. 2006; Okamoto et al. 2006 ). Loss-of-function mutations in negative regulators of ABA signaling, such as ERA1, ABH1, and ABI1, result in increased sensitivity to ABA in Arabidopsis seed germination (Cutler et al. 1996; Gosti et al. 1999; Hugouvieux et al. 2001) . The alleles identified in this study are unusual in that ABA hypersensitivity appears to result from gain-of-function mutations. The only dominant Arabidopsis mutant with ABA-hypersensitive seed germination is hat1 (harmattan tolerant1), a mutation conferring resistance to hot, dry air (Yan et al. 2006 ). Another possibility is that gain-offunction mutations in positive regulators of ABA signaling such as the ABA receptor PYR/RCAR, the protein kinase PKABA1, or the ABF (ABA BINDING FACTOR) transcriptional activator might result in an ABA-hypersensitive phenotype (Gómez-Cadenas et al. 1999; Johnson et al. 2002; Park et al. 2009 ).
Utility of ABA response mutants in wheat Analysis of ABA response mutants of wheat offers both the opportunity to elucidate the hormonal mechanisms controlling seed dormancy and to breed preharvest sprouting tolerant wheat. Control of ABA and gibberellin (GA) signaling alleles hold the promise of developing wheat plants that have sufficient dormancy to avoid sprouting but that after-ripen quickly enough to avoid problems with emergence. The Zak ERA8 allele recovered in this study is an excellent candidate for this purpose since it after-ripens sufficiently to show efficient germination at 30°C within 6-7 weeks of after-ripening (Fig. 5b) . Since higher temperatures tend to result in higher grain dormancy, germination efficiency may be even higher in locations where soil temperatures are lower at planting (Nyachiro et al. 2002b) . Since spring wheat grain is stored over the winter, Zak ERA8 should be sufficiently after-ripened to germinate well for spring planting. This is unlike the sproutingresistant cultivar Brevor which requires 6 months of afterripening to germinate efficiently (Online Resource 1). Future research will develop a molecular marker for ERA8 to facilitate breeding this allele into spring wheat. This allele could be particularly useful to breeding broadly adapted hard white wheat varieties that are PHS tolerant in a wider range of environments.
